Contribution of Hippocampal and Extra-Hippocampal NR2B-Containing NMDA Receptors to Performance on Spatial Learning Tasks  by von Engelhardt, Jakob et al.
Neuron
ArticleContribution of Hippocampal and Extra-Hippocampal
NR2B-Containing NMDA Receptors to Performance
on Spatial Learning Tasks
Jakob von Engelhardt,1,5 Beril Doganci,1,4,5 Vidar Jensen,2 Øivind Hvalby,2 Christina Go¨ngrich,1 Amy Taylor,3
Chris Barkus,3 David J. Sanderson,3 J. Nicholas P. Rawlins,3 Peter H. Seeburg,4 David M. Bannerman,3
and Hannah Monyer1,*
1Department of Clinical Neurobiology, University of Heidelberg, D-69120 Heidelberg, Germany
2Department of Physiology, Institute of Basic Medical Sciences, University of Oslo, N-0317 Oslo, Norway
3Department of Experimental Psychology, University of Oxford, Oxford OX1 3UD, UK
4Max-Planck-Institute for Medical Research, D-69120 Heidelberg, Germany
5These authors contributed equally to this work
*Correspondence: monyer@urz.uni-hd.de
DOI 10.1016/j.neuron.2008.09.039
SUMMARY
Controversy revolves around the differential contri-
bution of NR2A- and NR2B-containing NMDA recep-
tors, which coexist in principal forebrain neurons, to
synaptic plasticity and learning in the adult brain.
Here, we report genetically modified mice in which
the NR2B subunit is selectively ablated in principal
neurons of the entire postnatal forebrain or only the
hippocampus. NR2B ablation resulted in smaller
NMDA receptor-mediated EPSCs with accelerated
decay kinetics, as recorded in CA1 pyramidal cells.
CA3-to-CA1 field LTP remained largely unaltered, al-
though a pairing protocol revealed decreased NMDA
receptor-mediated charge transfer and reduced cel-
lular LTP. Mice lacking NR2B in the forebrain were
impaired on a range of memory tasks, presenting
both spatial and nonspatial phenotypes. In contrast,
hippocampus-specific NR2B ablation spared hippo-
campus-dependent, hidden-platform water maze
performance but induced a selective, short-term,
spatial working memory deficit for recently visited
places. Thus, both hippocampal and extra-hippo-
campal NR2B containing NMDA receptors critically
contribute to spatial performance.
INTRODUCTION
The N-methyl-D-aspartate receptor (NMDAR) is a tetrameric
membrane-inserted protein complex comprising two NR1 and
NR2 (Laube et al., 1998; Seeburg, 1993) or NR3 subunits (Cia-
barra et al., 1995; Nishi et al., 2001). Each of the four existing
NR2 subunits (NR2A-NR2D) displays a characteristic regional
and developmental expression profile and confers different
properties on the NMDAR complex (Monyer et al., 1994; Sheng
et al., 1994), including the decay time course of NMDAR-
mediated excitatory postsynaptic currents (EPSCs). The major
NR2 subunits in adult neocortex and hippocampus are NR2A
andNR2B.WhereasNR2B is present during embryonic develop-
ment, NR2A expression commences only after birth (Monyer
et al., 1992). There is currently great interest and controversy
surrounding the putative contribution made by these major
NR2 subunits to different forms of synaptic plasticity and cogni-
tive functions in the adult forebrain.
The importance of the NMDAR for the induction of both long-
term potentiation (LTP) and long-term depression (LTD) is well
established (Collingridge et al., 1983; Dudek and Bear, 1992;
Mulkey andMalenka, 1992). Use of pharmacological antagonists
with differential affinity for NR2A- or NR2B-containing NMDARs
has recently suggested that hippocampal and cortical LTP are
mediated specifically by NR2A-containing NMDARs, but
NR2B-containing NMDARs are required for LTD (Liu et al., 2004;
Massey et al., 2004). However, lack of selectivity of the NR2A
antagonist employed (Paoletti and Neyton, 2007) may well
have contributed to this assignment, as subsequent studies
failed to find a differential role of the two NMDAR subtypes in
hippocampal LTP and LTD induction (Berberich et al., 2005;
Morishita et al., 2007). Hence, the role distinct NMDAR subtypes
play at central synapses remains largely enigmatic (Cull-Candy
and Leszkiewicz, 2004).
Genetically modified mice in which a particular receptor sub-
unit can be selectively manipulated represent an attractive alter-
native to the pharmacological approach. NR2A knockout mice
(NR2A/) have long been available (Sakimura et al., 1995) and
exhibit hippocampal LTP, which is much reduced in magnitude
but can be restored to wild-type (WT) levels by increased recruit-
ment of the remaining NR2B subtype (Berberich et al., 2007;
Kiyama et al., 1998; Kohr et al., 2003; Sakimura et al., 1995).
This result is consistent with a role for NR2B in LTP induction,
at least in the absence of NR2A. In contrast to NR2A knockouts,
mice lacking NR2B (Kutsuwada et al., 1996), or expressing this
subunit in a C terminally truncated form (Sprengel et al., 1998),
die at birth, reflecting the importance of NR2B-containing
NMDARs for perinatal autonomic brain functions. Thus, a condi-
tional genetic strategy is required for elucidating the relevance
and physiological functions of NR2B-containing NMDARs in
the postnatal brain. We now report the generation of two genet-
ically modified mouse lines in which the NR2B subunit of the846 Neuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc.
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neurons of the postnatal forebrain (NR2BDFb) or (2) the CA1
pyramidal and dentate gyrus granule cells of the adult hippo-
campus (NR2BDHPC), leaving these neurons with only NR2A-
containing NMDARs.
The functional significance of the contribution of different NR2
subunits to different forms of synaptic plasticity ultimately lies in
their contribution to behavior. NMDAR-dependent synaptic
plasticity in the hippocampus has long been regarded as the
key neural mechanism underlying spatial memory (Martin et al.,
2000; Morris et al., 1986). More recently, we have shown that
NR2A/mice are able to form a long-term association between
a particular spatial location and the escape platform, as required
during the standard spatial reference memory version of the
Morris water maze task. At the same time, these mice display
a deficit in a rapidly acquired, short-term memory mechanism
that underlies performance on spatial working memory tasks
(Bannerman et al., 2008).
The contribution of NR2B-containing NMDARs to spatial
memory is unknown, although transgenic overexpression of
NR2B by different strategies improved spatial memory in mice,
suggesting an important role for NR2B-containing NMDARs in
the adult brain (Cao et al., 2007; Tang et al., 1999, 2001; Wong
et al., 2002). The NR2BDFb and NR2BDHPC mice now allow us
to evaluate NR2B contribution to different spatial learning pro-
cesses and other aspects of behavior. We therefore assessed
their performance on a series of tasks chosen to provide compa-
rability with existing data on selective glutamate receptor manip-
ulations (both genetic and pharmacological) and, more broadly,
data on the effects of hippocampal lesions.
RESULTS
NR2BDFb Mice: Generation and Expression Analysis
Gene-targeted mice, in which NR2B exon 9 was flanked by loxP
sites (NR2B2lox mice) (Figures S1A–S1D) served as the basis for
generating mice with selective NR2B ablations. In the first part
of our studies, we employed NR2BDFb mice in which NR2B is
removed postnatally from principal forebrain neurons. Both
NR2B2lox/2lox and WT mice served as controls. Cre expression
in NR2BDFb mice is strong in hippocampus, striatum, thalamus,
amygdala, cortex, and olfactory bulb (Mantamadiotis et al.,
2002; Shimshek et al., 2006), demonstrated here by use of the
ROSA26 Cre reporter mouse (Soriano, 1999), Cre immunocyto-
chemistry and in situ hybridization for NR2B (Figures S2A and
S2B). The restricted Cre expression prevented detrimental de-
velopmental phenotypes from premature NR2B loss. Thus,
NR2BDFbmice exhibited cortical layer 4whisker barrel structures
that were indistinguishable from WT (Figure S2C), whereas the
underlying trigeminal neuronal pattern fails to form in global
NR2B knockout mice kept alive for several days after birth
(Kutsuwada et al., 1996).
Whole-hippocampus NR2B protein expression in adult
(P60–P120) NR2B2lox/2lox (control) and NR2BDFbmice was quan-
tified on western blots. NR2B expression was significantly
reduced in NR2BDFb mice compared to control littermates
(NR2B2lox/2lox: 100% ± 20%, n = 6; NR2BDFb: 32.1% ± 7.5%,
n = 6, mean ± SD, p < 0.05, Student’s t test). The remaining
NR2B in the mutant reflects the absence of a-CaMKII
promoter-driven Cre in GABAergic interneurons and lower ex-
pression levels in ventral compared to dorsal hippocampus
(Figure S2B). No compensatory increase was seen in NR2A ex-
pression (NR2B2lox/2lox: 100% ± 29%, n = 6; NR2BDFb: 108% ±
29.6%, n = 6, mean ± SD, p > 0.05, Student’s t test), and levels
of the main AMPA receptor subunits GluR-A and GluR-B re-
mained unchanged (GluR-A - NR2B2lox/2lox: 100% ± 20%, n = 6,
NR2BDFb: 87% ± 38.6%, n = 6, p > 0.05; GluR-B - NR2B2lox/2lox:
100% ± 21%, n = 3, NR2BDFb: 93% ± 9.2%, n = 3, mean ± SD,
p > 0.05, Student’s t test) (Figure S1E).
Synaptic NMDAR-Mediated EPSCs in NR2BDFb Mice
Lack the NR2B Component
EPSCs evoked by stimulation of Schaffer collateral/commissural
fibers in stratum radiatum and recorded in CA1 pyramidal cells of
P42–P50 mice showed increased AMPA/NMDA ratios in neu-
rons of NR2BDFb mice compared with WT and NR2B2lox/2lox
mice (WT: 1.73 [1.42–2.19], n = 19; NR2B2lox/2lox: 1.77 [1.47–
2.63], n = 19; NR2BDFb: 3.16 [1.82–4], n = 18, median ± IQR, p <
0.5, Kruskal-Wallis/Dunn’s multiple comparison test) (Figure 1A).
As expected, NMDAR-mediated EPSCs in WT and NR2B2lox/2lox
mice were reduced in the presence of the NR2B-specific antag-
onist ifenprodil (10 mM). Furthermore, the antagonist failed to
reduce NMDA currents in NR2BDFb mice (percent remaining
current in WT: 57.7% ± 8%, n = 7;NR2B2lox/2lox: 61.9% ± 12.9%,
n = 7; NR2BDFb: 100% ± 9.5%, n = 8, mean ± SD, p < 0.001,
ANOVA/Bonferroni multiple comparison test), thus functionally
confirming the absence of NR2B protein (Figure 1B).
Consistent with the slower deactivation kinetics imparted to
NMDARs by NR2B (Monyer et al., 1994), the weighted tau (tw)
was significantly faster in neurons of NR2BDFb mice than of
WT or NR2B2lox/2lox mice (WT: 68.4 ms [59.8–83.3], n = 29;
NR2B2lox/2lox: 61.4 ms [52.3–68], n = 33; NR2BDFb: 31.4 ms
[22.8–56.1], n = 28, median ± IQR, p < 0.05, Kruskal-Wallis/
Dunn’s multiple comparison test). Ifenprodil application did
not accelerate NMDAR-mediated EPSCs in neurons of either
NR2BDFb mice (tw: 27.6 ms [23.9–37.1], n = 17, median ± IQR,
p > 0.05, Kruskal-Wallis/Dunn’s multiple comparison test) or
WT and NR2B2lox/2lox mice (WT: 66.4 ms [45.6–68.4], n = 3;
NR2B2lox/2lox: 65.2 ms [57.4–71.7], n = 25, median ± IQR, Krus-
kal-Wallis/Dunn’s multiple comparison test), as reported else-
where (Kirson and Yaari, 1996) (Figure 1C).
Since Cre recombinase in NR2BDFb mice is driven by the
a-CaMKII promoter, interneurons should retain NR2B. Indeed,
in stratum oriens interneurons, the tw of NMDAR-mediated
currents was comparable in NR2B2lox/2lox and NR2BDFb mice
(NR2B2lox/2lox: 62.3 ± 6.6 ms, n = 6, NR2BDFb: 57.4 ± 22.9 ms,
n = 16, mean ± SD, p > 0.05, Student’s t test), and there was
strong ifenprodil blockade of these currents (percent remaining
current in NR2B2lox/2lox: 47.3% ± 17%, n = 5; NR2BDFb interneu-
rons: 53.4% ± 22%,mean ± SD, n = 6, p > 0.05, Student’s t test).
Miniature EPSCs and Presynaptic Function
in NR2BDFb Mice
Recordings of miniature EPSCs (mEPSCs) revealed neither a
difference in amplitude nor frequency between control andNeuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc. 847
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NR2B and Spatial LearningNR2BDFbmice (amplitude control: 8.6 ± 0.97 pA, n = 7;NR2BDFb:
9.2 ± 0.72 pA, n = 13, mean ± SD, p > 0.05, Student’s t test;
frequency control: 0.45 ± 0.21 Hz, n = 7; NR2BDFb: 0.48 ±
0.25 Hz, n = 12, mean ± SD, p > 0.05, Student’s t test) (Fig-
ure 2A). We estimated the NMDAR-mediated component of
the mEPSCs by measuring the current amplitude 50 ms after
mEPSC onset (recorded in Mg2+-free solution), when the contri-
bution of AMPAR-mediated currents is negligible. Consistent
with a reduced contribution of slower NMDAR-mediated cur-
rents to mEPSCs, we observed significant attenuation of the
mEPSC amplitudes 50 ms after mEPSC onset (control: 1.48 ±
0.86 pA, n = 6; NR2BDFb: 0.67 ± 0.32 pA, n = 10, mean ± SD,
p < 0.05, Student’s t test) (Figure 2A).
Presynaptic function was investigated by measuring the
paired-pulse facilitation (PPF = EPSC2/EPSC1) of evoked EPSCs
with interspike intervals (ISI) of 25, 50, 100, 200, and 1000 ms.
A
B
C
Figure 1. Synaptic EPSCs in CA1 Neurons
Are Altered in NR2BDFb Mice
(A) AMPAR- and NMDAR-mediated EPSC
traces were recorded in CA1 neurons of WT,
NR2B2lox/2lox, and NR2BDFb mice. Currents were
induced by Schaffer collateral/commissural fiber
stimulation and recorded at 70 mV in Mg2+-free
extracellular solution. AMPA/NMDA ratios in neu-
rons of NR2BDFb mice were significantly in-
creased, consistent with a decrease in NMDAR-
mediated currents (p < 0.05, median ± IQR).
AMPA/NMDA ratios in neurons of WT and
NR2B2lox/2lox mice were not different.
(B) Typical NMDAR-mediated EPSCs in the
absence or presence of 10 mM of ifenprodil.
NMDAR-mediated current amplitudes were
strongly reduced by ifenprodil in CA1 neurons of
control mice (WT, gray bars; NR2B2lox/2lox, white
bars). No reduction of NMDAR-mediated EPSCs
was observed in CA1 neurons of NR2BDFb mice
(black bars) (p < 0.001, mean + SD).
(C) Superimposed NMDAR-mediated currents of
WT, NR2B2lox/2lox, and NR2BDFb mice showing
the acceleration of currents by NR2B knockout
(normalized to NMDAR current peak). Weighted
tau (tw) of NMDAR current deactivation was signif-
icantly smaller in neurons of P42–P50 NR2BDFb
compared toWTandNR2B2lox/2loxmice (p < 0.001).
Ifenprodil (ifen) did not change the deactivation
kinetics (median ± IQR). NMDAR current deactiva-
tion in neurons of WT and NR2B2lox/2lox mice was
not different.
A
B
Figure 2. No Major Changes in Excitatory
Synapse Properties of NR2BDFb Mice
(A) Superimposed average miniature EPSC
(mEPSC) in CA1 neurons in control (white bar)
and NR2BDFb (black bar) mice, recorded in
Mg2+-free extracellular solution. Peak amplitude
of mEPSCs was not different between genotypes.
There was a significant amplitude reduction 50 ms
after the beginning of the mEPSC in neurons of
NR2BDFb mice, in congruence with a reduction
and acceleration of NMDAR-mediated currents
(p < 0.05). mEPSC frequency was not changed
(mean + SD).
(B) Paired-pulse ratios were investigated by
recording evoked synaptic EPSCs with 25, 50,
100, 200, and 1000 ms interspike intervals. Un-
changed paired-pulse facilitation indicated that
release probability was not altered (mean ± SD).848 Neuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc.
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at any of the ISIs (NR2B2lox/2lox: 25 ms: 1.83 ± 0.29, 50ms: 1.51 ±
0.23, 100 ms: 1.32 ± 0.2, 200 ms: 1.14 ± 0.14, 1000 ms: 0.96 ±
0.08, n = 27; NR2BDFb: 25 ms: 1.84 ± 0.31, 50 ms: 1.49 ± 0.19,
100 ms: 1.34 ± 0.17, 200 ms: 1.18 ± 0.14, 1000 ms: 0.99 ± 0.1,
n = 23, mean ± SD, p > 0.05, Student’s t tests) (Figure 2B),
suggesting unchanged release probability and presynaptic
function in the NR2BDFb genotype. Moreover, postsynaptic
excitability in terms of synaptic activation measured in field
recordings was unaltered by NR2B ablation (Figures S3A–S3H).
EPSPs in NR2BDFb Mice
AlthoughmEPSCs were unaltered by the genetic NR2B ablation,
lack of NR2B might nevertheless affect EPSPs (Feldmeyer et al.,
1999). We therefore evoked EPSPs by stimulation of Schaffer
collateral/commissural fibers in stratum radiatum and recorded
in whole-cell current-clamp mode from CA1 pyramidal cells of
P42–P50mice. EPSPs did not differ between genotypes in either
20%–80% rise time (NR2B2lox/2lox: 2.65 ± 0.49 ms, n = 14,
NR2BDFb: 2.69 ± 0.6 ms, n = 16, mean ± SD, p > 0.05, Student’s
t test) or decay time constant (NR2B2lox/2lox: 21.8 ± 5.1 ms, n =
14,NR2BDFb: 26 ± 7.6ms, n = 16,mean ± SD, p > 0.05, Student’s
t test; Figure 3A). As the stimulation strength had been adjusted
to evoke only small EPSPs (NR2B2lox/2lox: 2.2 ± 0.8 mV, n = 14,
NR2BDFb: 1.9 ± 0.9 mV, n = 16, mean ± SD, p > 0.05, Student’s
t test), the NMDAR contribution to these EPSPs was most likely
too small to observe effects from NR2B deletion because of the
NMDAR channel block at the resting membrane potential
(NR2B2lox/2lox: 65 ± 2.3 mV, n = 26, NR2BDFb: 65.4 ± 2.4 mV,
n = 21, mean ± SD, p > 0.05, Student’s t test) (Table S1).
NMDARs contribute to the integration of EPSPs delivered at
higher frequencies (40–100 Hz) in cortical neurons with a de-
crease of the response integral seen in the presence of APV or
ifenprodil (Kumar and Huguenard, 2003). Thus, EPSP summa-
tion at high stimulation frequency might lead to sufficient
depolarization to relieve some NMDAR from Mg2+ block. We
evoked EPSPs at 100 Hz (for 1 s) at a stimulation strength
yielding a 2 mV amplitude for the first EPSP (NR2B2lox/2lox:
2.20 ± 0.63 mV, n = 41, NR2BDFb: 2.20 ± 0.59 mV, n = 34,
mean ± SD, p > 0.05, Student’s t test). The maximal depolariza-
tion of the EPSP envelope (after ca. 5–15 EPSPs) was smaller in
NR2BDFb than NR2B2lox/2lox mice (NR2B2lox/2lox: 15.0 ± 6.6 mV,
n = 41,NR2BDFb: 12.3 ± 5.2mV, n = 34,mean ±SD, p < 0.05, Stu-
dent’s t test), and the EPSP integral was reduced (NR2B2lox/2lox:
A
B C
Figure 3. No Difference in EPSPs but Reduced Voltage Response to 100 Hz Stimulation in NR2BDFb Mice
(A) 20%–80% rise time and decay time constant of evoked synaptic EPSPs in CA1 neurons are similar in NR2B2lox/2lox (white bar) and NR2BDFb (black bar) mice
(mean + SD).
(B) Example recordingswith high-frequency extracellular stimulation (100Hz for 1 s, amplitude of the first EPSP2mV) showing a fast depolarization and a slower
repolarization during the stimulation.
(C) Average traces of neurons of NR2B2lox/2lox mice (red) and NR2BDFb mice (black) illustrate the smaller response envelope in NR2B knockout mice. The first
150 ms of the voltage response are shown below. Maximal depolarization (mean + SD) and EPSP integral (median ± IQR) during the 1 s stimulation are smaller
in NR2BDFb mice (black bars) compared to NR2B2lox/2lox mice (white bars).Neuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc. 849
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dian ± IQR, p < 0.001, Mann-Whitney Rank Sum Test) (Figures
3B and 3C). In some neurons, the depolarization generated
action potentials, but there was no significant difference in the
number of cells firing action potentials (16/41 of NR2B2lox/2lox
and 6/34 ofNR2BDFb neurons, c2 test, p > 0.05), or in the number
of action potentials generated in firing cells (NR2B2lox/2lox: 4.7 ±
4.5, n = 16, NR2BDFb: 3.3 ± 2.3, n = 6, mean ± SD, p > 0.05, Stu-
dent’s t test). To investigate whether differences in membrane
properties—besides the lack of NR2B-containing NMDARs—
might explain the smaller EPSP integral in NR2BDFb mice, we
measured responses to hyper- and depolarizing current injec-
tions and found that input resistance, action potential threshold,
firingpattern, andmaximal firing frequencywerenot affected (see
Table S1).
Hence, NR2B deletion had no measurable effect on single
EPSPs but affected the integration of repetitive EPSPs at high
frequency, with a smaller integral of the composite EPSPs in
NR2BDFb compared to control mice.
LTP in NR2BDFb Mice
Synaptic plasticity in the hippocampus is largely dependent on
NMDAR and is thought to be essential for certain forms of learn-
ing (Bliss and Collingridge, 1993). We studied long-term potenti-
ation (LTP) of synaptic transmission in CA3-to-CA1 synapses in
hippocampal slices from adult NR2B2lox/2lox and NR2BDFb mice
using different induction paradigms. High-frequency stimulation
(HFS) of the afferent fibers in stratum radiatum produced a last-
ing, homosynaptic potentiation in both genotypes, which al-
though slightly smaller in magnitude in the NR2BDFb mice, was
not statistically different to that seen in controls (p = 0.12). The
average field EPSP (fEPSP) slope, 40–45 min after tetanization,
was 1.34 ± 0.07 (mean ± SEM; n = 17) of the pretetanic control
value in NR2B2lox/2lox mice and 1.22 ± 0.06 (n = 19) in NR2BDFb
mice (Figure 4A). Repeated tetanizations (43100 Hz for 1 s at
5 min intervals) did not increase the amount of LTP in either
NR2B2lox/2lox (1.38 ± 0.08, n = 23) or NR2BDFb mice (1.34 ±
0.07, n = 22), and a comparison between the genotypes revealed
no difference in LTP magnitude (p = 0.70) (Figure 4B). Further-
more, in both genotypes, LTP was completely blocked by the
NMDAR antagonist DL-AP5 (50 mM) in a four times tetanization
procedure (control: tetanized pathway 0.99 ± 0.06 versus control
pathway 1.00 ± 0.06, n = 8, NR2BDFb: tetanized pathway 0.98 ±
0.05 versus control pathway 1.05 ± 0.04, n = 7) (Figure S3I).
Thus, LTP elicited by two tetanization paradigms in the stratum
radiatum of the CA1 region was not significantly affected by
NR2B deletion.
Since there was a suggestion of reduced field LTP induced by
1 3 HFS, we tested LTP in the whole-cell configuration induced
by low-frequency synaptic stimulation (LFS, at 0 mV, 0.67 Hz,
3 min). Under these conditions, LTP induction should primarily
depend on NMDARs (Chen et al., 1999). Robust LTP occurred in
CA1 neurons of P42–P50NR2B2lox/2loxmice (NR2B2lox/2lox: 2.30 ±
0.22; control pathway: 1.18 ± 0.1, n = 12,mean ± SEM, p < 0.001,
Student’s t test). Although also present in CA1 neurons of P42–
P50 NR2BDFb mice (NR2BDFb: 1.66 ± 0.11; control pathway:
1.18 ± 0.1, n = 21, mean ± SEM, p < 0.001, Student’s t tests),
LFS-LTP was significantly reduced compared to NR2B2lox/2lox
mice (p < 0.05, linear mixed model analysis) (Figure 4D). The
increase in the control pathway (1.18) during the experiments rep-
resented an LTP-independent drift, as it was also observed with-
out LFS (1.17 ± 0.05, n = 7, mean ± SEM, Figure S3J).
Reduced Charge Transfer during LTP Induction
in NR2BDFb Mice
High-frequency stimulation with small EPSPs (2 mV) revealed
a smaller voltage response inNR2BDFbmice. We tested whether
such a difference also exists if the stimulation strength is compa-
rable to that used for HFS LTP (stimulation with an intensity just
above threshold for generating a population spike). No differ-
ence in the voltage response of current-clamped cells to HFS
could be observed when the first EPSP was just suprathreshold.
Neither EPSP integral nor number of action potentials during
stimulation differed between genotypes (integral NR2B2lox/2lox:
35.6 ± 11.7 mVs, n = 17;NR2BDFb: 35.5 ± 13.2 mVs, n = 19; num-
ber of action potentials NR2B2lox/2lox: 12 ± 7.3, n = 17; NR2BDFb:
14.5 ± 8.1, n = 19, mean ± SD, p > 0.05, Student’s t test)
(Figure 5A). During suprathreshold stimulation, the voltage
change is dependent not only on iGluRs but also to a large extent
on voltage-dependent channels that might mask a difference in
the contribution of NMDARs. As NR2B knockout might alter the
contribution of NMDAR channels during HFS, we recorded the
current responses of CA1 neurons at a holding potential of
0 mV (no correction for liquid junction potential). Stimulation
strength was adjusted prior to HFS, such that the EPSC ampli-
tude at a holding potential of 70 mV was 65 pA (NR2B2lox/2ox:
64.3 ± 10.4 pA, n = 20; NR2BDFb: 66.1 ± 10.4 pA, n = 16, mean ±
SD, p > 0.05, Student’s t test). There was a significant reduction
of charge transfer during HFS in NR2BDFb mice (NR2B2lox/2ox:
102 ± 43 pC, n = 20; NR2BDFb: 22 ± 10 pC, n = 16, mean ± SD,
p < 0.001, Student’s t test) (Figure 5B), comparable to the reduc-
tion during LFS (also at 0 mV) (control: 2 ± 0.33 pC, n = 13;
NR2BDFb: 0.52 ± 21 pC, n = 19, mean ± SD, p < 0.001, Student’s
t test) (Figure 5C). Stimulation strengthwas adjusted prior to LFS,
such that the EPSC amplitude at a holding potential of 70 mV
was 70 pA (control: 70.7 ± 3.4 pA, n = 13; NR2BDFb: 71 ± 4
pA, n = 19, mean ± SEM, p > 0.05, Student’s t test). During
LFS EPSCs (at 0 mV) decayed significantly faster in NR2BDFb
thanNR2B2lox/2loxmice, as expected from the absence of slower
decaying NR2B-type receptors (NR2B2lox/2ox: 89.8 ± 23 ms,
n = 13; NR2BDFb: 30 ± 17 ms, n = 18, mean ± SD, p < 0.001,
Student’s t test) (Figure 5C).
Behavioral Analysis
NR2BDFbmice were first analyzed on a battery of tests assessing
sensorimotor function and emotionality (see Supplemental
Data). They were hyperactive and exhibited reduced anxiety on
a number of ethological, unconditioned tests. There were no ob-
vious deficits in motor coordination. If anything, the NR2BDFb
mice performed better on the accelerating rotarod test of motor
function, possibly reflecting their reduced body weight (see
Supplemental Data).
Analysis of Hippocampus-Dependent Spatial
Memory in NR2BDFb Mice
We examined spatial learning abilities in these mice on a battery
of aversive and appetitive memory tests, all of which are850 Neuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc.
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memory and spatial reference memory were included. Deletion
of the NR2A NMDAR subunit impaired spatial working memory
performance but did not prevent animals from acquiring spatial
reference memory tasks (Bannerman et al., 2008).
Impaired Spatial Reference Memory in the Morris Water
Maze
NR2BDFb and littermate controls (NR2B2lox/2lox) mice were tested
on the standard, spatial reference memory (SRM) version of the
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Figure 4. Tetanization-Induced fLTP Is Not
Affected in NR2BDFb Mice but Cellular LTP
by Low-Frequency Stimulation Is Reduced
(A) Normalized, extracellular fEPSP slopes evoked
at CA3-to-CA1 synapses in slices from control and
NR2BDFbmice. The tetanized pathways are shown
as circles, the untetanized control pathways as tri-
angles. The insets show the mean of ten consecu-
tive synaptic responses in the tetanized pathway
before (1) and 45 min after (2) tetanization in the
control (left traces) and NR2BDFb (right traces)
mice. Arrow at the abscissa: time point of tetanic
stimulation.
(B) As (A), but four tetanizations were used to
induce LTP (mean + SEM).
(C) Distribution plot of fEPSP slopes along with
mean ± SD in individual slices forWT (open circles)
and NR2BDFb mice (closed circles).
(D) Normalized, extracellular EPSCs evoked at
CA3-to-CA1 synapses in slices from control and
NR2BDFb mice. The stimulated pathways are
shown as circles, the unstimulated control path-
ways as triangles. LTP could readily be induced
by LFS in CA1 pyramidal neurons of P42–P50
control and NR2BDFb mice (mean + SEM).
Morris water maze task (Deacon et al.,
2002; Reisel et al., 2002). Mice were
trained to navigate to a submerged es-
cape platform in a fixed spatial location,
starting from different points around the
perimeter of the pool (four trials per day
for 9 days). Most mice swam well. Only
two of fifteen mutants, and two of eigh-
teen controls showed occasional floating
behavior, which usually did not last lon-
ger than 15 s per trial, and no mice
were excluded from the analyses.
NR2BDFb mice were impaired at ac-
quiring the SRMwatermaze task. Control
mice showed a progressive decline in es-
cape latencies and pathlengths over the 9
training days. In contrast, the mutant
mice showed little, if any, improvement
(Figure 6A). Analysis of pathlengths
revealed a main effect of block [F (8,
248) = 27.07; p < 0.001], a main effect
of genotype [F (1,31) = 50.85; p <
0.001], and a genotype by block interac-
tion [F(8, 248) = 5.88; p < 0.001]. Importantly, however, perfor-
mance on trial one of block one of training was the same for
both groups (pathlength [m]  NR2B2lox/2lox: 15.2 ± 1.3;
NR2BDFb: 14.0 ± 1.5; F < 1).
Spatial memory for the platform location was also assessed
during two probe tests (conducted 24 hr after trials 24 and 36),
in which the escape platform was removed, and the mice
swam freely for 60 s. The deficit in spatial learning in NR2BDFb
mice was evident in both probe tests (Figure 6B). NR2B2lox/2lox
control mice showed a consistent spatial preference for theNeuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc. 851
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levels of performance. Analyses comparing the time spent in
the training quadrant by the two groups confirmed that the
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Figure 5. Charge Transfer during HFS and LFS Is
Reduced in NR2BDFb Mice
(A) Example voltage responses of current-clamped CA1
neurons with extracellular suprathreshold HFS (100 Hz,
1 s). There is no difference in EPSP integral or number of
action potentials during HFS between NR2B2lox/2lox (white
bar) and NR2BDFb (black bar) mice (mean + SD). The aver-
age traces of all experiments (red, NR2B2lox/2lox; black,
NR2BDFb) show the similarity in the voltage responses.
(B) Example current responses of voltage-clamped CA1
neurons (0 mV) with extracellular suprathreshold HFS
(100 Hz, 1 s). The average traces of all experiments (red,
NR2B2lox/2lox; black,NR2BDFb) illustrate the smaller charge
during 100 Hz stimulation in NR2B knockout mice. Low-
pass filtered current responses (to remove stimulus arti-
facts) are shown below. Stimulation strength was adjusted
such that the EPSC amplitude at a holding potential of70
mV (60 pA) was similar in NR2B2lox/2lox and NR2BDFb
mice. The charge transfer was significantly reduced (white
bars, control; black bars,NR2BDFb; p < 0.001,mean + SD).
(C) Example current responses of voltage-clamped CA1
neurons (0 mV) with low-frequency stimulation (LFS).
Stimulation strength was adjusted such that the EPSC am-
plitude at a holding potential of70mV (70 pA) was sim-
ilar in NR2B2lox/2lox and NR2BDFb mice. Charge transfer
and tw were significantly smaller in NR2B
DFb than in
NR2B2lox/2lox mice (white bars, control; black bars,
NR2BDFb; p < 0.001, mean + SD).
NR2BDFb mice were significantly impaired in
both probe tests [test 1, t (31) = 6.07; p <
0.0001; test 2, t (31) = 3.32; p < 0.005].
Impaired Spatial Reference Memory
on the Appetitive, Elevated Y Maze Task
Consistent with the results from the water
maze, acquisition of an appetitive SRM task
on an elevated Y maze was also impaired in
NR2BDFb mice. In this task, the mice were
trained to select the rewarded goal arm at
a constant location relative to extramaze spa-
tial cues around the apparatus, starting from
either of the other two arms of the Y maze. Ac-
quisition of this task demands the use of allo-
centric spatial cues and is affected by hippo-
campal lesions (Deacon et al., 2002; Reisel
et al., 2002). Control mice readily acquired
the task, whereas NR2BDFb mice remained at
near-chance levels (percent correct: block 9,
NR2B2lox/2lox: 97 ± 1.4; NR2BDFb: 59 ± 5.8)
(Figure 6C). ANOVA revealed a main effect of
genotype [F (1, 31) = 49.48; p < 0.001],
a main effect of block [F (8, 248) = 17.61, p <
0.001], and a genotype by block interaction
[F (8, 248) = 6.28; p < 0.001]. Subsequent anal-
ysis of simple main effects showed that
the performance of the two groups was equivalent on day 1
[F (1,31) = 1.43; p > 0.20], but that on all subsequent days
the NR2BDFb mice were significantly worse [F (1,31) > 9.60;852 Neuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc.
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and appetitively motivated SRM tasks.
Impaired Spatial Working Memory Performance
Hippocampus-dependent spatial working memory (SWM) was
assessed using a discrete trial, spontaneous alternation para-
digm in an enclosed T maze (Sanderson et al., 2007) and by ex-
amining rewarded alternation (spatial non-matching-to-place) on
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Figure 6. Hippocampus-Dependent Spatial
Memory Is Impaired in NR2BDFb Mice
(A) NR2BDFbmice showed a significant spatial ref-
erence memory impairment in the Morris water
maze task. Performance of NR2BDFb (n = 15)
mice in terms of latency to escape to the platform
across nine blocks of training (four trials per block)
was significantly impaired compared to NR2B2lox/
2loxmice (n = 18). Pathlengths traveled to reach the
platform were also consistently longer for
NR2BDFb mice (mean ± SEM).
(B) Transfer tests conducted 24 hr after the sixth
(transfer test 1) and ninth (transfer test 2) block of
training. The escape platform was removed, and
the mice were allowed to swim for 60 s.
NR2B2lox/2lox mice (n = 18) showed a consistent
place preference for the training quadrant (Tra;
black bars), whereas NR2BDFb mice (n = 15) re-
mained at chance (25%). (p < 0.001, mean ±
SEM, AdjL: adjacent left, Tra: target, AdjR: adja-
cent right, Opp: opposite).
(C) NR2BDFb mice were also impaired during ac-
quisition of an appetitive spatial referencememory
task on the elevated Y maze. Data are presented
asmean percent correct responses for each block
of ten trials for NR2B2lox/2lox mice (n = 18) and for
NR2BDFb mice (n = 15). During the last block of
ten trials (block 9), the reward was delivered only
after the animal had made a correct choice
(mean ± SEM).
(D) NR2BDFb mice (n = 15) were impaired on dis-
crete trial, spontaneous alternation in the enclosed
T maze in comparison to NR2B2lox/2lox mice (n =
18) (p < 0.001, median ± IQR across ten trials).
NR2BDFb mice (n = 12) also exhibited a significant
reduction in percentage alternation in comparison
to NR2B2lox/2lox mice (n = 18) on the discrete trial,
rewarded alternation (spatial, nonmatching to
place) task on the elevated T maze (mean ±
SEM, ten trials per block).
an elevated T maze (Rawlins and Olton,
1982; Reisel et al., 2002). In both tasks,
the littermate controls exhibited high
levels of alternation. In contrast, the
NR2BDFb mice performed at chance
levels throughout both tests (spontane-
ous alternation—Mann-Whitney Rank
Sum Test, p < 0.001; rewarded alterna-
tion—main effect of genotype [F(1, 28) =
46.43, p < 0.001]; main effect of block
[F(5, 140) = 3.98; p < 0.005]; genotype by
block interaction [F(5, 140) = 2.69; p <
0.05] (Figure 6D). Therefore, the NR2BDFbmice displayed robust
and enduring impairments in both SWM and SRM.
Analysis of Hippocampus-Independent Learning
and Memory in NR2BDFb Mice
We next assessed whether the learning and memory deficits ob-
served in the NR2BDFb mice extended beyond the hippocampal
domain. The mice were therefore examined on a variety ofNeuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc. 853
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lesions.
Impaired Performance on the Visible Platform Water
Maze Task
Experimentally naive NR2BDFb mice (n = 12) and NR2B2lox/2lox
controls (n = 9) were tested on the visible platform version of the
Morris water maze task, with the escape platform located 1 cm
above thewater surface and clearly indicated bya black andwhite
striped cylinder sittingon top. Theplatformwaspositionedat a dif-
ferent, random location for each trial. There was no group differ-
ence on the first trial of day 1 of training in terms of pathlengths
to the platform [pathlength (m)  NR2B2lox/2lox: 8.04 ± 1.97;
NR2BDFb: 11.50 ± 1.34; t (19) = 1.50; p = 0.15], althoughNR2BDFb
mice did exhibit longer latencies [median latency and IQR (s) 
NR2B2lox/2lox: 24.0 (19.7–59.9); NR2BDFb: 89.0 (39.6–90.0;
Mann-Whitney Rank Sum Test; p < 0.05]. NR2BDFb mice showed
a gradual decrease in latencies and pathlengths to find the
platformwith training (four trials per day for 6 days), but were nev-
ertheless impaired relative to controls (Figure 7A). ANOVAof path-
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Figure 7. Hippocampus-IndependentMem-
ory Is Impaired in NR2BDFb Mice
(A) NR2BDFb mice (n = 12) showed significantly
longer latencies and swam significantly longer dis-
tances before they reached a visible platform
compared toNR2B2lox/2loxmice (n = 9) in the water
maze. Animals received six blocks of training (four
trials per block) (mean ± SEM).
(B) NR2BDFb mice were significantly slower during
acquisition of two different T maze visual discrim-
ination tasks (visual discrimination 1 [n = 15],
painted goal arms; visual discrimination 2 [n =
14], goal arms with different floor inserts), com-
pared to NR2B2lox/2lox mice (n = 18). Animals
received seven and eight blocks of training on
the two tasks (ten trials per block) (mean ± SEM).
(C) NR2BDFbmice (n = 6) were also impaired on an
egocentric response task (ten trials per block)
compared with NR2B2lox/2lox mice (n = 9) (mean ±
SEM).
(D) NR2BDFbmice were impaired on a novel object
recognition task. NR2B2lox/2lox mice (n = 18) spent
more time exploring the novel object than the fa-
miliar object, whereas the NR2BDFb mice (n = 13)
showed no such preference. (novelty preference
ratio; p < 0.05, median ± IQR).
length data revealed a significant effect of
genotype [F (1,19) = 5.94; p < 0.05], amain
effect of block  [F (5,95) = 26.07; p <
0.0001], and a genotype by block interac-
tion [F (5,95) = 2.68; p < 0.05; Figure 7A].
Analysis of simple main effects confirmed
significant learning in both groups [main
effect of block for NR2B2lox/2lox  F
(5,95) = 7.17; p < 0.001; NR2BDFb 
F(5,95) = 23.98; p < 0.001], but also re-
vealed significant group differences on
blocks1, 2, and 6 [F(1,19) > 4.66; p < 0.05].
These mice were subsequently tested on the standard spatial
reference memory version of the water maze task (as described
previously), and the data are provided in the Supplemental Data
and Figure S5, as are visible platform task data for the animals
previously trained on the spatial version of the water maze
task. The same pattern of results was obtained in mice that
were not water maze naive, irrespective of the order of testing.
Impaired Visual Discrimination Learning
Visual discrimination learning was assessed using an appetitive
T maze task in which the mice were required to associate a food
(milk) reward with a particular patterned goal arm (e.g., Reisel
et al., 2002). In the first visual discrimination task, the mice
were trained to discriminate between a gray and a black/white
striped goal arm, whose right/left spatial locations varied from
trial to trial. Again, the NR2BDFb mice showed evidence of ac-
quiring the task, although they never attained the performance
levels of the controls (Figure 7B, left panel). ANOVA revealed
amain effect of group [F (1, 31) = 27.33; p < 0.0001], amain effect
of day [F (6, 186) = 21.75; p < 0.0001], but no groups by days854 Neuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc.
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strated significant learning in both groups [main effect of day
for NR2B2lox/2lox  F (6,102) = 21.48; p < 0.0001; NR2BDFb 
F(6,84) = 6.10; p < 0.0001].
In a second task, the mice were required to discriminate be-
tween arms containing floor inserts, which differed not only in
their visual appearance, but also in texture (blue toweling ver-
sus black foam rubber). As before, although NR2BDFb mice
could learn the task to some extent, acquisition in the littermate
controls was significantly better (Figure 7B, right panel). ANOVA
showed a main effect of group [F (1, 30) = 39.69; p < 0.0001],
a main effect of day [F (7, 210) = 14.58; p < 0.0001], and a
groups by days interaction [F (7, 210) = 4.41; p < 0.0001].
Again, subsequent analysis of simple main effects confirmed
significant learning in both groups [main effect of day for
NR2B2lox/2lox  F (7,210) = 17.50; p < 0.001; NR2BDFb 
F(7,210) = 3.27; p < 0.005].
Impaired Egocentric Spatial Memory Acquisition
We next tested whether NR2BDFbmice were able to use an ego-
centric response strategy to obtain a food reward. Mice were
trained on a plus maze to make a consistent body turn (e.g., al-
ways turn left) for a milk reward. Littermate controls acquired the
task to a high level of performance, whereas NR2BDFb mice re-
mained at near-chance levels (Figure 7C). ANOVA revealed
a main effect of genotype [F (1, 13) = 5.56; p < 0.05], an effect
of block [F (10, 130) = 3.14; p < 0.005], and a genotype by block
interaction [F (10, 130) = 2.71; p < 0.005]. Performance in the
control group remained well above chance levels on the last
block of testing, despite the start position being rotated by either
90 or 270, confirming that the mice were indeed solving the
task egocentrically.
Impaired Object Recognition
Short-term recognition memory for objects was then assessed
using a simple novelty preference test (Ennaceur and Delacour,
1988). Mice were exposed to two identical objects (A1 and A2)
for 10 min and allowed to explore freely (sample phase). After
an intertrial interval (ITI) of 1 min, the mice were returned to the
test arena, which now contained another copy of the original
object (A3) and a novel object (B1) for a 5 min test session (test
phase). During this test phase, the control mice spent more
time exploring the novel than the familiar object, whereas the
NR2BDFb mice showed no such preference [novelty preference
ratio (B/(A + B) NR2B2lox/2lox: 0.63 (0.48–0.69), NR2BDFb: 0.50
(0.49–0.51), median ± IQR, Mann-Whitney Rank Sum Test, p <
0.05] (Figure 7D). A similar result was obtained when using a
difference score [B-A; t (29) = 2.49; p < 0.05]. Separate one-
group t tests revealed a significant novelty preference in the
control group [t(17) = 3.14; p < 0.01], but not for the NR2BDFb
mice (t < 1). In addition, the NR2BDFb mice demonstrated a lon-
ger total pathlength (Mann-Whitney Rank Sum Test, p < 0.01)
and spent more total time exploring the two objects overall
during the test phase [t(29) = 2.91; p < 0.01]. Both groups of
mice traveled an equivalent distance and spent a similar
amount of time exploring the objects during the sample phase
(both t < 1).
NR2BDHPC Mice: Generation and Expression Analysis
In view of the global nature of the impairment shown by the
NR2BDFb mice on all learning tests employed, it is difficult to de-
termine how far this resulted from amemory problem rather than
a more general performance deficit. Furthermore, it is not possi-
ble with any degree of certainty to attribute the pronounced def-
icit seen on the spatial memory tasks to hippocampal rather than
extra-hippocampal dysfunction in these mice. We therefore em-
ployed a secondmouse line (NR2BDHPCmice) in which Cre is ex-
pressed in the pyramidal cells of the dorsal CA1 subfield and the
granule cells of the entire dentate gyrus (Figures S2D and S2E), in
order to assess the specific contribution of hippocampal NR2B-
containing NMDARs to spatial memory. As inNR2BDFbmice, Cre
was expressed in90%of the principal cells in these subfields in
the NR2BDHPC mice. Loss of NR2B in CA1 neurons was con-
firmed by recording pharmacologically isolated NMDAR-medi-
ated EPSCs evoked by stimulation of Schaffer collateral/com-
missural fibers in stratum radiatum. NMDA EPSCs in this
mutant showed, in comparison to control mice, a strong reduc-
tion in ifenprodil sensitivity (percent remaining current in control:
55.9% ± 22.9%, n = 7; NR2BDHPC: 90.3% ± 14.7%, n = 9, mean
± SD, p < 0.01, Student’s t test) and faster decay kinetics (tw con-
trol: 75.7 ± 17.9ms, n = 17; twNR2B
DHPC: 30.1 ± 13.1ms, n = 19,
mean ± SD, p < 0.001, Student’s t test), comparable to changes
seen in NR2BDFb mice (Figure S6).
Behavioral Analysis
We first analyzed NR2BDHPC and control mice on the battery of
tests assessing sensorimotor function and emotionality (see
Supplemental Data). As with the NR2BDFb mice, the NR2BDHPC
animals were both hyperactive and less anxious than controls,
although these phenotypes were less pronounced than in the
forebrain knockouts. Again, therewas no evidence of any impair-
ment in motor coordination.
Normal Spatial Reference Memory Acquisition
in the Morris Water Maze
In marked contrast to NR2BDFb mice, the NR2BDHPC mice ac-
quired the SRM water maze task normally and were indistin-
guishable from controls. One control mouse floated persistently
throughout water maze training and was excluded from the
study. Analysis of pathlengths during acquisition revealed no
group differences (F < 1; p > 0.70 for main effect of group and
group by block interaction; Figure 8A). Furthermore, perfor-
mance during the first probe test (conducted after 24 trials)
showed that both groups had developed a similar preference
for the training quadrant [t (24) = 1.02; p > 0.30; Figure 8B].
However, during the second probe test (conducted after 36 tri-
als) the NR2BDHPC mice actually appeared to spend more time
searching in the training quadrant than the controls (Figure 8C).
To determine the basis of this effect, probe trial performance
was analyzed in more detail by examining the time spent in the
training quadrant during the four 15 s time bins of this 60 s
test. This revealed a near-significant main effect of group [F (1,
24) = 3.62; p = 0.07], a significant effect of time bin [F (3, 72) =
2.80; p < 0.05], and, importantly, a group by time bin interaction
[F (3, 72) = 3.12; p < 0.05; Figure 8D]. Subsequent analysis of
simple main effects revealed that whereas the two groups spentNeuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc. 855
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the first three 15 s bins (i.e., 0–15, 15–30, and 30–45 s: all F < 1;
p > 0.30), the NR2BDHPC mice spent considerably more time in
the training quadrant during the last 15 s of the test [45–60;
F (1, 24) = 16.22; p < 0.001]. Simple main effects also revealed
that whereas the controls displayed significant extinction for the
training quadrant across the 60 s test [F (3, 72) = 6.07; p = 0.001],
the NR2BDHPC mice did not (F < 1; p > 0.80).
Impaired Spatial Reversal Learning
On the next day, the platform was moved to the opposite quad-
rant of the pool (e.g., from NE to SW) to assess spatial reversal
learning (Morris et al., 1990). Themice received 3 days of training
(four trials/day) to the new platform position, followed 24 hr later
by a third probe test. The NR2BDHPC mice were significantly im-
paired during this reversal phase. Although both groups im-
proved over the 3 days of training, the NR2BDHPCmice exhibited
consistently longer pathlengths to the new platform position
[main effect of group  F (1,24) = 5.84; p = 0.02; main effect of
day  F(2,48) = 10.86; p < 0.001; group by day interaction 
F(2,48) = 2.06; p > 0.1; Figure 8A]. The NR2BDHPC mice failed
to show a preference for the new training quadrant during the
final probe test [one group t tests versus chance (25%); Con,
t(13) = 2.93; p < 0.02;NR2BDHPC t < 1; p > 0.50; group compar-
ison, t(24) = 1.84; p < 0.05, one-tailed; Figure 8E].
Impaired Spatial Working Memory
Spatial working memory (SWM) in the NR2BDHPC mice was as-
sessed using the discrete trial, spontaneous alternation para-
digm in the enclosed T maze. There was a small but statistically
significant impairment in the NR2BDHPC mice [t (25) = 2.58; p <
0.02; Figure 8F], although again the deficit was less pronounced
than in the NR2BDFb mice.
DISCUSSION
Consequences of NR2B Deletion for Excitatory Synapse
Properties
To evaluate the consequences of NMDAR NR2B subunit dele-
tion in adult animals, we generated genetically modified mice
in which NR2B is deleted postnatally, either in the principal neu-
rons of the forebrain or selectively in hippocampal CA1 and DG
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Figure 8. Restricted Hippocampus-Depen-
dent Spatial Memory Deficits in NR2BDHPC
Mice
(A) NR2BDHPC mice showed normal acquisition of
the spatial reference memory version of the Morris
water maze task. Pathlengths to the escape plat-
form for NR2BDHPC mice (n = 12) across nine
blocks of acquisition training (four trials per block)
were indistinguishable from control mice (n = 14)
(mean ± SEM). NR2BDHPC mice were, however,
impaired during the three blocks of the reversal
phase, during which the platform was moved to
the opposite quadrant of the pool.
(B and C) Transfer tests conducted 24 hr after the
sixth (transfer test 1) and ninth (transfer test 2)
blocks of training. The escape platform was
removed, and the mice were allowed to swim for
60 s. Both groups of mice showed a consistent
place preference for the training quadrant
(Tra; black bars) during both probe trials, with
NR2BDHPC mice (n = 12) showing an apparently
stronger preference for the training quadrant
during transfer test 2 (mean ± SEM).
(D) Transfer test 2: percent time spent in the train-
ing quadrant during the four 15 s time bins of the
60 s probe trial (0–15, 15–30, 30–45, and 45–60 s).
NR2BDHPC mice continued to spend more time
searching in the training quadrant during the final
15 s time bin compared to the controls [F (1,24) =
16.22; p < 0.001] (mean ± SEM).
(E) NR2BDHPC mice were impaired during spatial
reversal learning. The NR2BDHPC mice showed
no spatial preference for the training quadrant dur-
ing transfer test 3 (conducted after 12 trials of
reversal training; t < 1; p > 0.50), whereas control
mice did show a significant preference [t (13) =
2.93; p < 0.02] (mean ± SEM).
(F) NR2BDHPC mice (n = 12) were impaired on dis-
crete trial, spontaneous alternation in the enclosed
T maze in comparison to control mice (n = 15)
[t (25) = 2.58; p < 0.02] (mean ± SEM).856 Neuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc.
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diated currents in NR2BDFb mice demonstrated that in hippo-
campal CA1 pyramidal cells most NR2B is deleted by P42–
P50, in the absence of changes in other iGluRs (NR2A, GluR-A,
GluR-B). Currents recorded in CA1 neurons of NR2BDFb and
NR2BDHPC mice deactivated faster (tw = 31 ms) than in controls
(tw = 65 ms), consistent with the faster deactivation kinetics of
diheteromeric NR2A-containing, compared with NR2B-contain-
ing NMDARs (Tovar et al., 2000). mEPSC frequency and ampli-
tude, fEPSP magnitude for a defined prevolley size, and excit-
ability tested by synaptic activation and paired-pulse
facilitation were not impaired in NR2BDFb mice.
The reduction of NMDAR-mediated currents in NR2B knock-
out mice had no influence on the waveform of EPSPs, consistent
with the negligible contribution of NMDARs to EPSPs at the rest-
ing membrane potential of hippocampal CA1 neurons (Otma-
khova and Lisman, 2004). In contrast, NR2B-type receptors
play a role in the integration of trains of EPSPs at a frequency
of 100 Hz. Depolarization of >10 mV appears to partially relieve
the NMDARs’ Mg2+ block, and NR2B deletion reduced the com-
posite EPSP integral. Similar results have been obtained in the
cortex, in the presence of APV and ifenprodil, with a reduction of
the response integral at stimulation frequencies of 40–100 Hz
(Kumar and Huguenard, 2003).
Genetic interference has shown that NR2A knockout and
NR2ADC mice exhibit impaired hippocampal LTP following HFS
(Kiyama et al., 1998; Kohr et al., 2003; Sakimura et al., 1995)
but not LFS (Berberich et al., 2005), in agreement with a greater
role for NR2A-containing NMDARs in LTP induced by HFS, and
for NR2B-containing NMDARs during LFS induction (Erreger
et al., 2005). Our data obtained with NR2BDFb mice are concor-
dant with this model, as we failed to see a significant reduction in
HFS LTP but did find impaired LFS LTP. It was previously pro-
posed that LTP depends on the charge transfer during induction
and not on the NMDAR subtype via which the charge ismediated
(Berberich et al., 2007). In that study onNR2A knockoutmice, the
unaltered charge transfer during LFS was associated with nor-
mal LTP. In contrast, we show here that charge transfer is re-
duced to the same extent (to 20%–25% of the charge in control
mice) by conditional NR2B deletion during both LFS and HFS.
Hence, the smaller impairment of LTP by HFS than LFS cannot
be explained by a difference in the charge transfer during induc-
tion. Differences in LTP thresholds with different induction fre-
quencies and lower sensitivity of LTP to partial NMDARblockade
at higher induction frequencies (Grover and Teyler, 1994) could
in part explain the considerably smaller impact of the NR2B
knockout on HFS- compared to LFS-LTP. In addition, NMDAR-
dependent LTP induction by HFS also depends on voltage-
gated Ca2+ channels (Grover and Teyler, 1990), mGluRs (Lu
et al., 1997), and the release of Ca2+ from intracellular Ca2+
stores (Harvey and Collingridge, 1992).
Forebrain NR2B Deletion Results in Impairments
on a Range of Memory Tasks
NR2BDFb mice were impaired on tests of incrementally ac-
quired SRM, including the standard version of the Morris water
maze task and an appetitively motivated, spatial Y maze task.
They also displayed a profound deficit in SWM performance
on both spontaneous and rewarded alternation (non-matching
to place) tasks. However, the learning and memory phenotype
in these animals extended beyond the allocentric spatial do-
main, and it was not entirely possible to dissociate a mnemonic
phenotype from a more general performance deficit in the
NR2BDFb mice. They were impaired on an egocentric spatial
memory task, in which they had to learn to make a constant
body turn for amilk reward. Furthermore, although theNR2BDFb
mice could acquire both the simple, visible platform version of
the Morris water maze task, and appetitively motivated visual
discriminations to some extent, they were nevertheless consis-
tently impaired relative to their littermate controls (see also
Supplemental Data). They were also unable to distinguish be-
tween an object they had just recently experienced and a novel
object.
Very Different Behavioral Phenotypes in NR2A/
and NR2BDFb Mice
The behavioral phenotype of the forebrain-specific NR2BDFb
mice was thus very different and much more extensive than
that seen with constitutive NR2A/ mice (Bannerman et al.,
2008; see also Supplemental Data for comparison of NR2BDFb
and NR2A/ mice). We have argued that the impaired SWM
performance of theNR2A/mice on (1) T -maze rewarded alter-
nation (NMTP), (2) win-shift behavior on the radial maze, and (3)
a spontaneous spatial novelty preference task all reflect an im-
paired ability to judge the familiarity of recently experienced spa-
tial locations (Sanderson et al., 2007, 2008). In contrast,NR2A/
mice can acquire SRM tasks in which they incrementally form
long-term associations between spatial stimuli and outcomes
(e.g., an escape platform or a food reward). The results of the
present study suggest that NR2B in the forebrain makes a signif-
icant contribution to both these aspects of spatial performance.
However, as previously mentioned, the NR2BDFb mice also
showed clear deficits on a series of hippocampus-independent
learning tasks. The presence of an overt extra-hippocampal
phenotype in the NR2BDFb mice could potentially have led to
the observed impairments on spatial memory tasks. The
resolution of this possibility required the analysis of mice with
a hippocampus-specific NR2B deletion.
Hippocampus-Specific NR2B Deletion Results
in a Short-Term, Spatial Working Memory Deficit
for Recently Visited Places
Deletion of NR2B exclusively within the hippocampus did not af-
fect the ability of mice to acquire the standard, fixed-location,
hidden escape platform version of the Morris water maze task.
This implies that the SRM water maze deficit in the forebrain-
specific NR2BDFb mice was likely due to extra-hippocampal
NR2B deletion, over and above the effect of intra-hippocampal
knockout. However, the hippocampus-specific NR2B knockout
itself had significant consequences. The NR2BDHPC mice were
hyperactive, exhibited a mild reduction in anxiety, and had
a small but significant SWM deficit, as demonstrated by the
significantly reduced level of spontaneous alternation in the T
maze. The reduction was, however, less pronounced than that
seen in the NR2BDFb mice, suggesting that the additionalNeuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc. 857
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knockouts may also have contributed to their SWM deficit.
The inability of the NR2BDHPC mice to remember and avoid
recently visited locationsmay also explain their increased persis-
tence in searching in the training quadrant during the second
probe test (Figure 8). That slower extinction might also explain
their slower learning in the subsequent reversal phase of the
water maze task when the platform was moved to the opposite
quadrant of the pool. In contrast, their initial acquisition was
normal, suggesting that their ability to associate a particular spa-
tial location with the escape platform was preserved. Thus, in the
absence of hippocampal NR2B, NR2A-containing NMDARs
appear to be sufficient for standard water maze acquisition.
Conclusions
The present results suggest that NR2B-containing NMDARs play
a wide-ranging role in behavior. The phenotype in the NR2BDFb
mice was more extensive than that seen in NR2A/ mice,
despite the fact that NR2B deletion was forebrain specific and
only expressed once development was complete, compared to
the constitutive whole-brain NR2A knockout. This phenotype is
consistent with previous studies that have shown enhanced per-
formance on both spatial and nonspatial learning and memory
tests in genetically modified mice that overexpress the NR2B
NMDAR subunit in adulthood (Cao et al., 2007; Tang et al.,
1999, 2001; Wong et al., 2002). However, the phenotype in the
NR2BDFb mice seems to be very substantially driven by the
deletion of NR2B outside of the hippocampus.
NR2BDHPC mice exhibited a greatly reduced phenotype
compared to the NR2BDFb mice, with a very selective short-
termSWMdeficit for judging the familiarity of recently visited pla-
ces. This phenotypic profile bears some resemblance to that
seen after dentate gyrus-specific NR1 (McHugh et al., 2007; Nie-
woehner et al., 2007) or NR2A deletion (Bannerman et al., 2008).
In contrast, hippocampal lesions additionally and profoundly
impair performance on associative SRM tasks. This implies
that substantial hippocampus-dependent, spatial information
processing, including new learning, can take place despite rad-
ical, selective losses of individual hippocampal NMDAR NR2
subtypes. Deficits on the standard SRM water maze task have,
however, been observed following CA1-specific NMDAR knock-
out (Tsien et al., 1996). The performance levels of both NR2A/
and NR2BDHPC mice on the associative SRM water maze task
might thus reflect the fact that neither selective ablation of
NR2A or NR2B subunits reproduced the magnitude of LTP
blockade seen following NR1 deletion or with complete NMDAR
antagonism using pharmacological tools such as AP5 (Morris
et al., 1986).
EXPERIMENTAL PROCEDURES
NR2B2lox Mice
Gene-targeted mice (NR2B2lox/2lox) that carry loxP sites flanking NR2B gene
exon 9 were generated by embryonic stem (ES) cell gene targeting. Correctly
targeted ES cells were injected into mouse blastocysts (C57Bl/6), and the re-
sulting chimeric animals were bred to C57Bl/6mice, leading to positive hetero-
zygous offspring with a Mendelian distribution of the NR2B2lox allele. Southern
blot analysis performed on genomic liver DNA confirmed the correct targeting
inNR2B2loxmice. Expression levels of theNR2B2lox andWTNR2B alleles were
comparable in heterozygous mice, as estimated from the peak heights of the
two discriminative silent mutations in exon 9 in DNA sequence chromatograms
of RT-PCR products.
NR2BDFb and NR2BDHPC Mice
Mice having NR2B ablated in either forebrain or hippocampus only were
derived from mice carrying floxed NR2B alleles. The intron-modified floxed
NR2B allele expressed the NR2B subunit to the same levels as the WT allele,
as judged from western analysis of hippocampal extracts (data not shown).
NR2B2lox/2lox mice were bred with transgenic lines expressing Cre recombi-
nase driven by the a-Ca2+ calmodulin-dependent protein kinase II (a-CaMKII)
promoter. Mice homozygous for the floxed NR2B allele and transgenic for
a targeted Cre expressing BAC construct (Casanova et al., 2001) died perina-
tally, probably because of embryonal onset of Cre expression. However,
NR2B2lox/2lox mice carrying the Cre transgene with 8.5 kb a-CaMKII promoter
region of TgCre4 mice (Mantamadiotis et al., 2002) were viable with no visible
abnormalities, except for slightly reduced weight. These were designated as
NR2BDFb mice. We had previously employed the same Cre4 transgene to
delete the AMPAR subunit GluR-B in the forebrain of GluR-B2lox/2lox mice
(Shimshek et al., 2005, 2006).
NR2BDHPCmice with NR2B ablation selectively in hippocampal CA1 pyrami-
dal and dentate gyrus granule cells were homozygous for the floxed NR2B al-
lele and carried two transgenes, CN12-itTA (Shimshek et al., 2005) and LC1
(Hasan et al., 2001). The CN12-itTA transgene expresses the tetracycline-
dependent transcriptional transactivator, tTA, from a modified a-CaMKII
promoter (Shimshek et al., 2005), and the transgenic LC1 locus contains
tTA-responsive Cre recombinase and luciferase genes. To restrict Cre expres-
sion to hippocampus (see Figure S2), it was necessary to give doxycycline
(50 mg/l drinking water) to pregnant females, thus silencing the LC1 locus
during embryonic development. Newborn pups were transferred to foster
mothers naive to doxycycline to initiate Cre expression and NR2B gene abla-
tion.
Cohorts of mice having the correct genotype for forebrain or hippocampal
NR2B deletion, along with appropriate controls, were tested behaviorally
from 5 months of age (>P150) onward.
Western Blot Analysis, In Situ Hybridization, and Cytochrome
Oxidase Staining
These methods involved standard procedures described in Supplemental
Data.
Electrophysiology—Whole Cell
Electrophysiological analyses were performed on 250 mm transverse
hippocampal slices of WT, NR2B2lox/2lox, NR2BDFb, and NR2BDHPC mice (see
Supplemental Data).
Electrophysiology—Field Recordings
Field recordings were performed in transverse slices (400 mm) of NR2BDFb
mice and their control littermates (see Supplemental Data).
Behavioral Methods
Behavioral experiments (see Supplemental Data) were conducted with age-
matched (>P150) NR2BDFb and control NR2B2lox/2lox littermates. The effects
of a hippocampus-specific NR2B deletion were assessed using age-matched
(>P150) male and female NR2BDHPC and control littermates, which lacked the
CN12-itTA or the LC1 transgene of the composite NR2BDHPC genotype. All
mice were experimentally naive at the start of behavioral testing.
SUPPLEMENTAL DATA
The Supplemental Data can be found with this article online at http://www.
neuron.org/supplemental/S0896-6273(08)00842-8.858 Neuron 60, 846–860, December 11, 2008 ª2008 Elsevier Inc.
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